C olorectal cancer (CRC) is the third leading cause of cancer death worldwide. Small but steady decreases in CRC mortality have been achieved, in part, by early detection through population-based screening programs (1). Further expansion of screening programs based on the traditional diagnostic methods of CRC and adenoma has been hindered by technique-related limitations, including the requirement of a visibly detectable lesion, risk of complications, costs and low patient compliance for endoscopy. Thus, the patient-preferred screening method is the fecal occult blood test (FOBT). While the noninvasive nature of this method promotes patient compliance for initial screening, its dependence on the 'bleeding phenotype' and occult bleeding in CRC, regardless of stage, has low sensitivity for accurate BACkGrouND AND oBJeCtives: The diagnostic value of stool DNA (sDNA) testing for colorectal neoplasms remains controversial. To compensate for the lack of large-scale unbiased population studies, a meta-analysis was performed to evaluate the diagnostic value of sDNA testing for multiple markers of colorectal cancer (CRC) and advanced adenoma. MetHoDs: The PubMed, Science Direct, Biosis Review, Cochrane Library and Embase databases were systematically searched in January 2012 without time restriction. Meta-analysis was performed using a random-effects model using sensitivity, specificity, diagnostic OR (DOR), summary ROC curves, area under the curve (AUC), and 95% CIs as effect measures. Heterogeneity was measured using the χ 2 test and Q statistic; subgroup analysis was also conducted. results: A total of 20 studies comprising 5876 individuals were eligible. There was no heterogeneity for CRC, but adenoma and advanced adenoma harboured considerable heterogeneity influenced by risk classification and various detection markers. Stratification analysis according to risk classification showed that multiple markers had a high DOR for the high-risk subgroups of both CRC ( There was no significant heterogeneity among studies for subgroup analysis. CoNClusioN: sDNA testing for multiple markers had strong diagnostic significance for CRC and advanced adenoma in high-risk subjects. Methylation makers had more diagnostic value than mutation markers.
C olorectal cancer (CRC) is the third leading cause of cancer death worldwide. Small but steady decreases in CRC mortality have been achieved, in part, by early detection through population-based screening programs (1) . Further expansion of screening programs based on the traditional diagnostic methods of CRC and adenoma has been hindered by technique-related limitations, including the requirement of a visibly detectable lesion, risk of complications, costs and low patient compliance for endoscopy. Thus, the patient-preferred screening method is the fecal occult blood test (FOBT). While the noninvasive nature of this method promotes patient compliance for initial screening, its dependence on the 'bleeding phenotype' and occult bleeding in CRC, regardless of stage, has low sensitivity for accurate BACkGrouND AND oBJeCtives: The diagnostic value of stool DNA (sDNA) testing for colorectal neoplasms remains controversial. To compensate for the lack of large-scale unbiased population studies, a meta-analysis was performed to evaluate the diagnostic value of sDNA testing for multiple markers of colorectal cancer (CRC) and advanced adenoma. MetHoDs: The PubMed, Science Direct, Biosis Review, Cochrane Library and Embase databases were systematically searched in January 2012 without time restriction. Meta-analysis was performed using a random-effects model using sensitivity, specificity, diagnostic OR (DOR), summary ROC curves, area under the curve (AUC), and 95% CIs as effect measures. Heterogeneity was measured using the χ 2 test and Q statistic; subgroup analysis was also conducted. results: A total of 20 studies comprising 5876 individuals were eligible. There was no heterogeneity for CRC, but adenoma and advanced adenoma harboured considerable heterogeneity influenced by risk classification and various detection markers. Stratification analysis according to risk classification showed that multiple markers had a high DOR for the high-risk subgroups of both CRC (sensitivity 0 There was no significant heterogeneity among studies for subgroup analysis. CoNClusioN: sDNA testing for multiple markers had strong diagnostic significance for CRC and advanced adenoma in high-risk subjects. Methylation makers had more diagnostic value than mutation markers. and early diagnosis. Furthermore, the need for repetitive testing negatively impacts patient compliance (2, 3) . Because adenomas, including advanced adenomas, are usually of small tumour size and do not manifest the bleeding phenotype, the FOBT method is considered to be inadequate. It is, therefore, necessary to develop an alternative noninvasive approach to CRC and adenoma diagnosis with significantly improved accuracy and effectiveness.
Adenoma and carcinoma cells that contain altered DNA are continuously shed into the large bowel lumen and excreted as components of the feces. Because DNA is stable in stool, it can be easily extracted and then differentiated from the large amounts of bacterial DNA that comprise the feces (4). Stool DNA (sDNA) testing represents a promising molecular approach to CRC diagnosis and screening. This procedure is noninvasive, requires no cathartic preparation or patient sedation, and has been shown to be effective with nonfresh and/or preserved specimens, which enables samples to be mailed and eliminates the need for a patient to visit a health care provider. The CRC diagnosis guideline from the American Cancer Society, the United States Multi-Society Task Force on Colorectal Cancer, and the American College of Radiology (ACS-MSTF-ACR) recommended sDNA testing as an appropriate method for average-risk subjects (2) . The 2009 CRC screening guidelines from the American College of Gastroenterology also supported sDNA as an alternative screening approach, but recommended a frequency of once every three years (3) .
While clinical screening for CRC using sDNA has achieved laudable rates in the general population, the efficacy of this method remains unclear. Studies to date have lacked statistical power and the broad array of study designs has yielded incongruent results. In 1996, Ratto et al (5) evaluated the utility of codon 12 from K-ras for CRC diagnosis and found that clinical detection of this gene sequence could reach 100% specificity but had 0% sensitivity. In 2004, Leung et al (6) evaluated the utility of five CRC markers in combination and determined that this method diagnosed 100% of 20 patients and yielded no false positives. Because cancer is inherently a heterogeneous disease, it is not surprising that many different point mutations have been identified to be significantly associated with colorectal carcinogenesis. The mere presence of an oncogenic mutation in a cell, however, does not guarantee progression to cancer (7) and no single DNA marker has yielded adequate sensitivity for diagnosis of CRC. As a result, the United States Preventive Services Task Force concluded that evidence was insufficient to recommend sDNA as a screening approach.
Previous studies have determined that combinations of markers can produce high detection rates of both CRC and advanced adenomas (8); however, none of the large-scale unbiased population studies that have evaluated the various stages of neoplasm and practical environments have produced a definitive conclusion. Thus, more comprehensive and widescale data are still needed to determine the appropriate panel of markers for sDNA testing. In the present study, we aimed to evaluate the diagnostic value sDNA testing of multiple markers for advanced adenoma and CRC by conducting a formal meta-analysis.
MetHoDs search strategy and selection criteria
The following databases were systematically searched in January 2012 without time restriction: PubMed, Science Direct, Biosis Review, Cochrane Library and Embase. Key words used in the search strategy included the following: ("faeces" OR "faecal" OR "fecal" OR "stool") AND ("tumour suppressor gene on chromosome 17p" OR "chromosome 17p" OR "tumour suppressor gene" OR "adenomatous polyposis coli" OR "APC" OR "chromosomal instability" OR "deleted in colon cancer" OR "DCC" OR "tumor protein p53" OR "TP53" OR "p53" OR "KRAS" OR "K-ras" OR "BAT-26" OR "microsatellite instability" OR "MSI" OR "mutation" OR "methylation" OR "long DNA" OR "L-DNA"). In addition, the reference lists of all identified studies were manually searched to identify any additional studies. Studies were chosen that investigated the association between sDNA with patients' diagnosis by histopathology (endoscopy) and provided data on the numbers of true positives, false positives, true negatives and false negatives. Articles were excluded if fewer than 10 patients were analyzed; data were insufficient to calculate the OR as a comparable effect estimate for the numbers of true positives, false positives, true negatives or false negatives; subjects were enrolled without a diagnosis or had undergone recent colonoscopy or sigmoidoscopy; no control group was featured; the study was based on tissue or animals; the study's purpose was to evaluate technical or mechanical aspects of the CRC detection assay; review article or letter; single case report; or conference summary or memorandum. Only English language studies were included. Finally, patient cohorts from each identified study that was not hitherto excluded were carefully examined to identify any potential overlap of patient cohorts with other included studies; all author names, institutions involved and time period of patient recruitment for each publication were compared. In 23 cases, the information was incomplete or unclear, and the corresponding authors for each publication were contacted but very few replied.
Study quality was assessed using the quality assessment tool for studies of diagnostic accuracy (QUADAS [9] ), in which a score of +1 was given if a criterion was fulfilled, 0 if it was unclear and −1 if it was not achieved.
Data extraction procedure
Two reviewers (HY and B-QX) independently extracted the following data from each study: first author, year of publication, study population characteristics (number of patients included, age, sex, tumour stage, gold standard), study design, method(s) of sDNA detection, target gene(s), sampling time (preoperative or postoperative), and number of subjects found to be positive or negative using sDNA testing. The Youden's index was used as the summary measure for the ROC curve and determined for the data from each study assessed. The enrolled subjects were divided into three groups (average risk, high risk and combined) so that risk stratification (10,11) could be accomplished by extracting the risk factors for colorectal disease. The high-risk group included individuals who had symptoms of colorectal disease; family or personal history of CRC or adenomatous polyps, personal history of inflammatory bowel disease and familial polyposis syndromes (including familial adenomatous polyposis and hereditary nonpolyposis colon cancer); voluntarily sought medical assistance for various reasons, or any other specific announcement by the authors. The average-risk group included individuals who were identified by the authors as average risk or those without any of the symptoms or signs listed above. Other subjects with insufficient data or contained both types of subjects were classified as combined-risk individuals. Disagreements were resolved by discussion.
statistical methods
Primary outcome measures of the present study were sensitivity, specificity, diagnostic OR (DOR) and summary ROC curve (sROC) of DNA markers in three groups (patients with CRC, patients with adenoma and healthy controls). If the data for true positives, false positives, true negatives and false negatives were not directly provided in the original articles, these values were calculated using a generic spreadsheet (Excel, Microsoft Corporation, USA) and applying the statistical data provided in the article (for example, total patient data or specificity and sensitivity).
A P value was calculated for pooled estimates and, when P<0.05, a random-effects model was chosen. sROC analysis was performed to assess the interaction between sensitivity and specificity (12) . DOR, Q statistic and area under the sROC curve (AUC) were used to analyze the diagnostic value of DNA markers compared with the control group. DOR was calculated from data for sensitivity and specificity analysis, in which a higher DOR indicated a greater diagnostic value. The AUC was used as a measure of the diagnostic value of DNA markers, in which a value of 0.5 indicated a test that was equally likely to diagnose a positive result as either positive or negative. Therefore, a test that gave the correct diagnosis in 100% of cases would have an AUC of 1.0. In general practice, most tests achieve a value of between 0.5 and 1.0, with better diagnostic precision correlating with an AUC closer to 1.0. The data from each study having the highest Youden's index were extracted for overall analysis. Statistical analysis was performed using the statistical software packages Stata version 11.1 (StataCorp, USA), meta-disc 1.4 and Review Manager version 5.1.0.
Assessment of risk of bias and sensitivity analyses
Risk of bias was assessed for individual studies by using the risk of bias table, as recommended by the Cochrane Collaboration (13) . Sensitivity analysis was performed to assess the impact of high-quality studies (QUADAS score >8) on sensitivity, specificity, DOR and interstudy heterogeneity. Any articles with a QUADAS score <8 were excluded based on inadequate methodological quality. Exclusion of these studies had little effect on either heterogeneity or the diagnostic value of detection.
Heterogeneity was measured using the χ 2 test and the Q statistic (with P<0.05 considered representative of significant statistical heterogeneity). When statistically significant heterogeneity was identified, sensitivity and specificity data were pooled using the DerSimonian Laird method and analyzed using a random effects model with forest plots and summary estimates generated. In addition to these heterogeneity analyses, the inconsistency index I 2 , which is a measure to quantify the level of heterogeneity, was calculated.
The statistical analyses were performed using meta-disc 1.4. Spearman's correlation coefficient between the logit of sensitivity and logit of 1 − specificity was assessed to determine the threshold effect, which is one of the primary causes of heterogeneity in test accuracy studies that arises when differences in sensitivities and specificities occur due to different cut-offs or thresholds used in different studies to define a positive (or negative) test result. Because the presence of a threshold effect indicates the possibility that a correlation between sensitivity and specificity may have Significant heterogeneity was detected in the summary results (P<0.0001) and was further explored by metaregression and subgroup analyses of perceived covariates. To determine whether the clinical heterogeneity among studies had an effect on the meta-analysis conclusions, subgroup analysis was conducted. Because the effect of diagnosis may vary from one subtype of patients to another, the classification of patients (average risk, high risk and combined risk) was evaluated, as well as study design (different detection markers). In addition, because studies of poorer methodological quality, such as unblinded or open-label trials, may exhibit exaggerated diagnosis effects, comparisons of blinding method and quality index (QUADAS >8, and QUADAS ≤8) were conducted. The most likely reasons for heterogeneity were explored using metaregression and subgroup analyses to generate DORs. The DOR, calculated using the following formula: sensitivity/1 − sensitivity 1 − specificity/specificity is regarded as a measure of the discriminative power of a diagnostic test. In the subgroup analysis, pooled DOR estimates were calculated for various strata to determine whether the test accuracy was higher (as reflected by greater DOR) in specific subgroups. The subgroup analysis identified risk category and marker type as the maximum factors of heterogeneity.
results

Baseline study characteristics
The systematic literature search yielded a total of 20 studies for final analysis (Figure 1) . Fourteen of these were case-control studies and six were randomized trials. These studies comprised a total of 5876 subjects who underwent sDNA testing and endoscopy. Of these, 817 patients had a diagnosis of CRC, while 1897 had adenoma including 703 with advanced adenoma (14) (defined as ≥1 cm, or containing high-grade dysplasia or abundant villous elements). A total of 3162 individuals represented the healthy controls (Table 1) . Among the 20 studies (6, 8, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) , data regarding CRC were extracted from 18 and data regarding adenoma from 13. Twelve studies investigating advanced adenoma were specially abstracted as a subgroup from the adenoma group. The 20 studies had been published between December 1961 and January 12, 2012. All of the studies had analyzed molecular detection methods of DNA from exfoliated cells in the human stool. The study design variables are presented in Table 2 . Forest plots were generated to assess sensitivity (true positive rate) and specificity (false positive rate) for the overall data from the 20 studies analyzed (Figure 2 ).
Figure 1) Flow chart of the study selection process for the meta-analysis
Figure 2) Forest plots of sensitivity and 1−specificity of stool DNA testing in colorectal cancer (A) and advanced adenoma (B). Plots display diagnostic probabilities of included studies with corresponding 95% CIs with squares indicating area proportional to study weight in the meta-analysis
Spearman's correlation coefficients of CRC (0.456; P=0.003), adenoma (−0.120; P=0.584) and advanced adenoma (0.022; P=0.932) gave no indication of a threshold effect. The sDNA test was determined to be a sensitive method for CRC, without heterogeneity (I 2 =27.1%; P=0.139). However, significant heterogeneity was detected in the data of adenoma (I 2 =86.2%; P<0.0001) and advanced adenoma (I 2 =74.0%; P<0.0001). To elucidate the effect of clinical heterogeneity among studies on the meta-analysis' conclusions, subgroup analysis was conducted. Because the effect of diagnosis may vary from one subtype of patients to another, the classification of patients (average risk, high risk and combined risk) was evaluated, as well as the different detection markers (mutation and methylation markers). In addition, because studies of (Figure 3) . All of the sDNA data are summarized in Table 3 .
Figure 3) Summary ROC (sROC) plots with 95% CIs and 95% predictive ellipses for multiple markers for the detection of colorectal cancer and advanced adenoma in the total population (A and B) or in high-risk individuals (C and D) and according to methylation markers (e and F). The confidence region consists of the
DisCussioN
The mere presence of an oncogene-associated genetic alteration does not guarantee progression to cancer (7) . The results of the present meta-analysis highlight the diagnostic value of multiple markers. In contrast, 26 studies that investigated single markers appeared to have low sensitivity but a firm conclusion was precluded by a high level of heterogeneity (data not shown).
In the present analysis, detection of multiple markers via sDNA testing was deemed an accurate and feasible approach for CRC diagnosis (without heterogeneity); however, the analyses of adenoma and advanced adenoma were subject to a considerable level of heterogeneity. Lijmer et al (33) showed that studies with such methodological shortcomings may lead to overestimates of diagnostic accuracy. Therefore, we addressed the heterogeneity with a rigorous methodological approach that used a random-effects model to evaluate the most significant effect of different characteristics such as classification of patients (average risk, high risk or combined risk), detection marker type (mutation or methylation), blinded study design (single, double or triple blinded) and the quality index (QUADAS >8 and QUADAS ≥8) on the diagnostic accuracy. In the present meta-analysis, DOR was considered to be an aggregative indicator of heterogeneity for both sensitivity and specificity. Risk classification and detection markers were identified as the most significant characteristics influencing diagnostic accuracy. To evaluate the diagnostic value of the sDNA testing method in a more comprehensive aspect, both of the subgroup analyses were conducted for CRC, adenoma and advanced adenoma. Although we lacked sufficient data to analyze all potentially relevant risk factors (such as patients' age, sex and tumour stage), the high detection value of sDNA was consistently found in the pooled analyses of all studies, as well as in all subgroup analyses.
The heterogeneity was significantly decreased when studies were divided according to average risk, high risk and combined risk. These improvements may result from a higher prevalence of genetic and epigenetic alterations and malignant potential in the high-risk subgroup compared with the average-risk subgroup. Therefore, screening programs should be designed with respect to the individuals' level of risk based on personal, family and medical history (10) . In 2008, a Joint guideline from ACS-MSTF-ACR concluded that sDNA was an acceptable option for CRC screening in average-risk individuals (2). However, most of the recent guidelines have recommended Another important factor that can influence the diagnostic value of sDNA testing is the detection marker or panel of markers. In the present meta-analysis, the heterogeneity among studies of different detection markers for cancer progression was assessed by subgroup analysis of methylation and mutation markers. The progression of CRC usually follows a path from benign adenoma to small adenoma to advanced adenoma and, finally, to invasive cancer. Epigenetic alterations, particularly aberrant DNA methylation, are now considered to be the earliest abnormality in this adenoma-to-carcinoma pathogenic sequence (35) (36) (37) (38) (39) . The present meta-analysis indicated that methylation markers had higher value for early detection, even in the premalignant phase of CRC (advanced adenoma), and significantly higher sensitivity than the mutation markers. Furthermore, methylation markers showed higher sensitivity for CRC detection than mutation markers. This finding may indicate that aberrant methylation of genes along the oncogenic pathway can facilitate progression at later stages of colon carcinogenesis (40) . The presented study also suggested that some methylated genes may affect key transformation steps in CRC formation, leading to the rapid accumulation of deleterious genetic alterations. The low specificity may be a result of the tumorigenic multistep process itself, which involves dysregulation of various molecular signalling pathways, each of which may produce asynchronous effects (41) . Although the specificity of this combination is too low to merit clinical application, the results suggest that other more sensitive and specific markers and combinations exist.
Our results need to be interpreted in context of the study's strengths and limitations. First, the data from 23 of the studies were unclear. Most of these studies contained very small sample sizes and had low methodological quality, both of which increased the potential bias of data. Second, 26 studies of single markers appeared to have low sensitivity. Our results support the hypothesis that use of multiple markers is superior to the use of single markers, but high heterogeneity precluded our ability to draw a solid conclusion. Furthermore, lack of data inhibited further discussion of the heterogeneity factors related to the single marker studies. To overcome this, subgroup analysis was conducted and helped to uncover some potential sources of heterogeneity. Third, the effect of language selection bias and literature type cannot be ignored; in the present study, we only chose articles that had been published in English. To overcome the potential bias caused by this strategy, any future search strategy should not be limited by publication language and all literature types should be searched. It is important to note, however, that most of the articles found on sDNA testing had been published in English, suggesting that the potential language bias in the current study was minimal. Our selection bias was further minimized by maximizing the sensitivity of the search words, performing the search over a long period of time, and using a variety of databases/search engines, including PubMed, Science Direct, Biosis 
reFereNCes suMMArY
The present meta-analysis provides coherent evidence that detection of multiple markers via the sDNA method has strong diagnostic significance for CRC and advanced adenoma in high-risk individuals, but not in average-risk individuals. Methylation markers appear to have a stronger diagnostic value than mutation markers, especially for premalignant neoplasms. While these results suggest the clinical value of the sDNA diagnostic method, they also reveal the need for large-scale population-based trials to identify precise methylation markers for early stage detection of CRC and adenoma in a general population that includes both high-risk and average-risk individuals, as well as to determine the optimal sDNA test frequency with respect to cost effectiveness.
